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(54) Large spectrum icing conditions detector 

(57) The invention proposes an ice detector (12) for 
detecting ice accretion on the surface of a structure sub- 
ject to icing, said ice detector comprising a sensing el- 
ement (7a) protruding into the airflow and supported rel- 
atively to a surface of said object by a strut (8) upon 



which it is mounted, characterized in that said sensing 
element has an evolutionary profile along the longitudi- 
nal axis adapted to the spectral distribution of the icing 
conditions. Said sensing element is adapted to the pro- 
file of ice distribution on the aircraft and allows detection 
on a large spectrum of droplet sizes. 
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Description 

BACKGROUND OF THE INVENTION 

Technical field 5 

[0001] The invention relates to an ice detector and 
more particularly to an intrusive ice detector utilized to 
provide, whatever the spectrum of Liquid Water Droplet 
diameter, an accurate warning of ice accretion on the 10 
critical surfaces of an aircraft. 

Background art 

[0002] An ice detector is a sensor commonly used on *5 
aircraft to indicate the presence of icing conditions in the 
airflow that may result in ice accretion on the critical sur- 
faces of the aircraft. Ice accretion on the aircraft parts 
like wings or engine intake degrades its aerodynamic 
performances and increases its mass. Consequently, 20 
the aircraft can become difficult to control, and in the 
worst case, it can crash. 

[0003] Ice accretion occurs when the aircraft is flying 
through clouds that contains liquid water droplets at a 
temperature below the freezing limit. These droplets are 25 
called "supercooled droplets" and have a typical Median 
Volume Diameter (MVD) of 20|im (see Langmuir D dis- 
tribution on figure 5). Droplets having a diameter supe- 
rior to 50>m are also encountered (Supercooled Large 
Droplets). 30 
[0004] The ice detector is classically positioned per- 
pendicularly to the skin of the aircraft at a known location 
that is selected to provide fast and accurate detection 
of ice accretion. 

[0005] Referring to figure 1 a to figure 3, said conven- 35 
tional ice detector 12 is constituted by an airfoil-shaped 
strut 8 and a sensing element 7 mounted upon said strut 
8. The sensing element 7 is classically a magnetostric- 
tive (figure 1a to figure 1d) or piezoelectric (figure 2a to 
figure 2d) oscillating probe (see U.S. Pat. Nos. *o 
4,553,137; 4,570,881) which frequency oscillation is 
comprised between 20000 to 45000Hz. When ice ac- 
cretes on the sensing element 7, mass of said sensing 
element 7 increases and consequently oscillation fre- 
quency decreases down to the detection threshold. The 45 
strut 8 extends from a mounting flange 9 to the sensing 
element 7 and allows measuring outside the boundary 
layer adjacent to aircraft skin. Ice detector 1 2 is fixed on 
the aircraft skin via the flange 9 with means such as bolts 
or screws. A housing 1 0 extends inside the aircraft, said so 
housing 10 comprising electronic modules and a con- 
nector 13 for connecting said ice detector 10 to the air- 
craft control systems. 

[0006] Classically, said sensing element 7 and said 
strut 8 extends in the airflow perpendicularly to the air- 55 
craft skin. In a particular configuration, as illustrated by 
figure 2a and figure 3, they are sloped from the vertical 
line relative to the aircraft skin in the direction of the air- 



flow represented by the arrow 11 . Said slope is generally 
included between 5° and 30° (see U.S. Pat. Nos. 
4,333,004; 6,320,511) and is intended to decrease the 
equilibrium temperature (recovery effect), especially for 
improvement of detection at temperature near freezing 
point, and to facilitate the elimination of ice during the 
de-icing, by allowing said ice to slide on the surface of 
said sensing element 7. 

[0007] Prior art's sensing element 7 has a circular 
cross section with a constant diameter spanwise. Clas- 
sically, the efficient measurement length is quite short 
(around 20mm). The strut length is adapted to position 
the sensing element at the characteristic nominal icing 
condition point. 

[0008] However conventional ice detectors, as de- 
scribed herein, present several technical limitations, 
some of said limitations being exposed afterwards. 

Non homogeneous distribution of the icing conditions 

[0009] An aircraft in flight generates in its close envi- 
ronment a modification of the aerodynamic field (local 
pressure and velocity). Hence, any sensor positioned 
on the aircraft skin is subject to this modification and the 
measure made by said sensor is then altered by a more 
or less important variation. To take into account this 
modification, a correction operation is generally realized 
on the result of the measure through the use of a pre- 
established coefficient, which allows obtaining the real 
value from the read value. 

[0010] Within the framework of ice accretion detec- 
tion, said correction operation (installation coefficient) is 
particularly difficult. Indeed, due to their momentum, wa- 
ter droplets do not exactly follow the streamlines of the 
airflow and are more or less deviated by the presence 
of the aircraft. Consequently, there are some areas 
close to the aircraft where local water droplet concen- 
tration is superior to the upstream conditions. Figure 4 
represents the concentration profile for two given sizes 
of droplets versus distance from aircraft skin for two 
flight conditions. The distance of the maximum concen- 
tration (respectively d 1 and d 2 ) is then a function of the 
droplet size (respectively 8 1 and 5 2 ) and flight conditions 
(velocity, static temperature, altitude, angle of attack, 
side slip, etc.). Therefore the distribution of the local ic- 
ing conditions is non-homogeneous. 
[0011] According to the aircraft type, the position of 
the maximum concentration may vary by several cen- 
timeters (d^ and d' 2 ) along the aircraft orthogonal axis, 
depending on the diameter of the droplets encountered 
and the flight conditions. 

[0012] Consequently, the prior art ice detectors are 
adapted to the detection of average icing conditions (de- 
scribed on JAR-FAR and EUROCAE standards), be- 
cause the measure is focused at a fixed distance from 
the aircraft skin, but cannot integrate accurately all the 
icing conditions spectrum that can be crossed. 
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Slow accretion of small drops 

[0013] One of the most difficult icing conditions to de- 
tect corresponds to the slow accretion of small drops, 
which have typically a diameter lower than 10 microns. 5 
Said small drops are indeed particularly sensitive to 
evaporation. Due to the aerodynamics of an aircraft, 
said evaporation is more sensitive on the leading edges, 
such as the surface of the sensing element of the ice 
detector, where the local temperature is closed to the 10 
total temperature of the flow, than on flat surfaces such 
as the wing extrados. On the surface of the sensitive 
element, said small drops tend to evaporate as they ac- 
crete. 

[0014] Hence there is a risk that the quantity of ice 
present on the sensing element is not representative of 
the thickness of ice present on the other surfaces of the 
aircraft where evaporation phenomenon is less active. 
A delayed detection or even no detection of neverthe- 
less real icing conditions could then occur. 

Effect of supercooled large droplets (SLD) on ice 
accretion 

[001 5] Ice accretion on the sensing element is in par- 
ticular function of the Velocity of the droplets (VJ, the 
Liquid Water Content (LWC) of the airflow, the collection 
Efficiency (E) and the freezing fraction (t|). 
[0016] The collection efficiency E characterizes the 
proportion of liquid mass crossing the frontal projection 
of the sensing element and ultimately striking the sens- 
ing element. E parameter depends in particular on ve- 
locity V^, sensing element diameter (D) and droplet size 
(6). 

[0017] The freezing fraction t\ represents the propor- 
tion of incoming water that freezes on the element. In 
particular, r\ parameter depends on droplet size 6, ve- 
locity (VJ, temperature (TJ and Liquid Water Content 
(LWC) of the airflow, and sensing element diameter (D). 
[0018] The water freezing rate can be evaluated, at 
the first order, following the relation: 

""freezing = H X E X LWC X V ~ X S 

[0019] The water mass (m) that accretes on the sens- 
ing element during an interval time t is given by: 

m = m freezing X T 

[0020] In the case of presence of SLD in the flow (see 
U.S. Pat. Nos.6,269,320), and due to the small diameter 
of conventional sensing element, freezing fraction r\ is 
significantly modified (important runback, pulverization 
of the droplet at impingement). Consequently, time re- 
quired to accumulate the sufficient mass of ice to detect 
ice accretion is increased compared to smallest drops 



in the same condition. At the same time, due to the im- 
portant size ratio between the droplet and the aircraft 
exposed parts (wings, engine intakes,...), local water 
freezing rates are not affected. Ice build up is then slow- 
er on the sensing element than on the aircraft critical 
parts. This results in a delayed information of ice accre- 
tion, which may affect aircraft control. 

Consumption 

[0021] Prior art ice detectors include a de-icing sys- 
tem, which generally consists of electrical heating ca- 
bles disposed within the sensing element and within the 
strut. 

[0022] After detection, both the strut and the sensing 
element are heated via the heating cables. It is effec- 
tively necessary to de-ice the detector in order to pre- 
serve the sensitivity of the system. Heating both the 
sensing element and the strut allows to get rid of the 
accumulated frost on both said sensing element and 
strut. A relevant measure can thus start again with all 
its accuracy. 

[0023] However electric consumption is a particularly 
watched parameter on an aircraft and it is necessary to 
limit the average consumed power during a flight. Peaks 
of consumption are themselves relatively high, especial- 
ly during certain critical phases of a flight such as takeoff 
and icing conditions. Thus devices generating important 
peaks of consumption are particularly critical during cer- 
tain phases of a flight. 

[0024] Conventional ice detectors are based on an ar- 
chitecture that comprises two levels of consumption. A 
first level of consumption corresponds to the normal 
flight conditions (electronic consumption) while a sec- 
ond level of consumption corresponds to the de-icing 
phases (after ice accretion is detected). Ice detectors 
have to be able to realize measures with a maximal oc- 
currence. For this purpose, the power consumed during 
the de-icing phases in order to be able to realize a new 
measure rapidly is important. Such a device requires 
consequently an important peak of electric power during 
the de-icing phases. 

SUMMARY OF THE INVENTION 

[0025] For the above discussed purposes concerning 
an accurate detection of ice accretion, the invention pro- 
poses an ice detector for detecting ice accretion on the 
surface of a structure subject to icing, said ice detector 
comprising a sensing element protruding into the airflow 
and supported relatively to a surface of said object by a 
strut upon which it is mounted, characterized in that said 
sensing element has an evolutionary profile along the 
longitudinal axis adapted to the spectral distribution of 
the icing conditions. Said sensing element is adapted to 
the profile of ice distribution on the aircraft and allows 
detection on a large spectrum of droplet sizes. Advan- 
tageously, some parts of said sensing element are more 



20 



25 



30 



35 



40 



45 



50 



5 



EP 1 396 425 A1 



6 



sensitive to small droplets when others are adapted to 
large droplets. 

[0026] In a preferred embodiment, said strut compris- 
es a deflector to increase the local concentration of the 
droplets (improvement of collection Efficiency E of the 
sensing element) to provide a faster detection of ice ac- 
cretion and to compensate evaporation effect on small 
droplets. 

[0027] Said ice detector provides advantageously a 
signal indicating the severity of the icing conditions in 
which said structure is immersed. The severity of the 
icing conditions is determined by the speed at which ice 
accumulate through analysis of the slope of the variation 
of the sensing element oscillation frequency. 
[0028] Finally, in accordance with the invention, pow- 
er consumption during de-icing phases of the ice detec- 
tor is advantageously reduced by using a first power 
supply dedicated to the strut and maintained during the 
whole duration of icing condition detection, and by using 
a second power supply to de-ice the sensing element. 

BRIEF DESCRIPTION OF THE DRAWING6 

[0029] Other characteristics, purposes and advantag- 
es of the invention will appear to the reading of the fol- 
lowing detailed description, with respect to the annexed 
drawings, given as non restrictive examples, in which: 

• Figure 1a, which has already been discussed 
above, represents a side view of a conventional ice 
detector extending perpendicularly to aircraft skin 
and with a constant cross section spanwise; 
Figure 1 b, which has been discussed above, repre- 
sents a front view, in the direction of the incident 
airflow, of the ice detector of figure 1a; 

• Figure 1 c, which has been discussed above, repre- 
sents a top view of the ice detector of figure 1a; 
Figure 1 d, which has been discussed above, repre- 
sents a perspective view of the ice detector of figure 
1a; 

Figure 2a, which has already been discussed 
above, represents a side view of a conventional ice 
detector sloped from vertical line in the direction of 
the flow, with constant cross section spanwise and 
oscillation axis perpendicular to longitudinal axis; 
Figure 2b, which has been discussed above, repre- 
sents a front view, in the direction of the incident 
airflow, of the ice detector of figure 2a; 

• Figure 2c, which has been discussed above, repre- 
sents a top view of the ice detector of figure 2a; 
Figure 2d, which has been discussed above, repre- 
sents a perspective view of the ice detector of figure 
2a; 

Figure 3, which has already been discussed above, 
represents a side view of another prior art ice de- 
tector sloped from vertical line in the direction of the 
flow, with constant cross section spanwise; 
Figure 4 represents the concentration profile for two 



given sizes of droplets versus distance from aircraft 
skin for two flight conditions; 

• Figure 5 represents Langmuir D distribution of drop- 
let size (Median Volume Diameter MVD = 20>m) ; 

5 • Figure 6 represents the operating principle of the 
ice detector of the invention; 

• Figure 7a represents a sensing element with a cir- 
cular cross section which evolutionary profile has a 
conical shape; 

10 • Figure 7b represents a sensing element with a cir- 
cular cross section which evolutionary profile is 
made of successive coaxial cylinders; 

• Figure 7c is a top view of a sensing element with a 
an evolutionary profile which cross section is circu- 

15 lar; 

Figure 7d is a top view of a sensing element with a 
an evolutionary profile which cross section is ellip- 
tic; 

• Figure 7e is a top view of a sensing element with a 
20 an evolutionary profile which cross section is polyg- 
onal; 

Figure 8 represents the product of coefficient effi- 
ciency E by the freezing fraction versus the ratio 
of the droplet diameter 5 over the sensing element 

25 diameter D, for conventional sensing element and 
conical shape sensing element; 
Figure 9a represents measurement length of sens- 
ing element of figure 7a compared to conventional 
sensing element for a given flight condition; 

30 • Figure 9b represents measurement length of sens- 
ing element of figure 7a compared to conventional 
sensing element for a different flight condition from 
9a; 

• Figure 1 0a represents a side view of a typical ice 
35 detector made according to the present invention 

using sensing element of figure 7a; 

• Figure 10b represents a front view, in the direction 
of the incident airflow, of the ice detector of figure 
10a; 

40 • Figure 1 0c represents a top view of the ice detector 
of figure 10a; 

Figure 1 0d represents a perspective view of the ice 
detector of figure 10a; 

• Figure 11a represents a side view of a typical ice 
45 detector made according to the present invention 

using sensing element of figure 7b; 

Figure 11b represents a front view, in the direction 

of the incident airflow, of the ice detector of figure 

11a; 

so • Figure 1 1 c represents a top view of the ice detector 
of figure 11a; 

Figure 1 1 d represents a perspective view of the ice 
detector of figure 11a; 

Figure 12a represents a side view of a preferred 
55 embodiment for installation on aircraft areas with 
high boundary layer thickness; 
Figure 1 2b represents a front view, in the direction 
of the incident airflow, of the ice detector of figure 
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12a; 

• Figure 1 2c represents a top view of the ice detector 
of figure 12a; 

Figure 1 2d represents a perspective view of the ice 
detector of figure 12a; 5 
Figure 13a represents a side view of a preferred 
embodiment for installation on aircraft areas with 
low boundary layer thickness ;$ 

• Figure 13b represents a front view, in the direction 

of the incident airflow, of the ice detector of figure 10 
13a; 

• Figure 1 3c represents a top view of the ice detector 
of figure 13a; 

• Figure 1 3d represents a perspective view of the ice 
detector of figure 1 3a; * 5 

• Figure 14a represents a rounded surface deflector 
implemented on the strut; 

• Figure 1 4b represents a flat surface deflector imple- 
mented on the strut; 

Figure 15a illustrates the variation of the sensing 20 
element oscillation frequency and of its derivative 
according to time for different icing conditions; 

• Figure 15b illustrates the influence of water freezing 
rate over detection time; 

• Figure 15c represents absolute value of derivative 25 
of oscillation frequency versus water freezing rate; 
Figure 16a is a first electric circuitry diagram pro- 
posed for heating strut and sensing element; 

• Figure 16b is a second electric circuitry diagram 
proposed for heating strut and sensing element; 30 
Figure 16c is a third electric circuitry diagram pro- 
posed for heating strut and sensing element. 

Figure 17 represents limitation of electrical con- 
sumption of the invention compared to prior art. 

35 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0030] An ice detector comprises an intrusive oscillat- 
ing probe, also called sensing element, mounted on a 
strut, said strut length depending on the measurement *o 
point required and boundary layer thickness, and a 
flange supported by aircraft mounting surface, said strut 
being fixed to said flange and a housing which extends 
into the interior of the aircraft. Said housing comprises 
various electronic cards and components used more 45 
particularly for sensing element oscillation frequency 
excitation and measurement, power supply manage- 
ment and EMI (ElectroMagnetic lnterference)/EMC 
(ElectroMagnetic Compatibility) protection, and a con- 
nector for connecting said ice detector to aircraft control 50 
systems. 

Operating principle 

[0031] The ice detector is made of a mechanical vi- 55 
oratory system. The sensing element positioned in the 
airflow is vibrated to one of its mechanical resonance 
frequencies (compression mode) by the excitation por- 



tion of the circuitry. The compression mode is chosen 
not to be sensitive to airflow velocity, particles (sand, 
dust,...), rain and contaminants (fuel, oil,...). This oscil- 
lation frequency is chosen above 20000Hz not to be 
sensitive to aircraft vibration spectrum and is sufficiently 
energetic to sense ice accretion on the sensing element. 
As it is illustrated on figure 6, when ice comes to accu- 
mulate on said sensing element, mass of sensing ele- 
ment increases and consequently said oscillation fre- 
quency declines. The decline of the sensing element os- 
cillation frequency depends on the mass of ice which 
deposits on said sensing element, which is a function of 
the Liquid Water Content (LWC) of the airflow, the Ve- 
locity of the droplets (V M ), the freezing fraction (rj) and 
the collection Efficiency (E) of said sensing element. To 
prevent temperature influence on the ice detector per- 
formances, the material used to manufacture the sens- 
ing element has an elastic modulus that is constant in 
temperature. 

[0032] The measurement portion of the circuitry de- 
tects any decline in oscillation frequency caused by ice 
accretion on the surface of the sensing element. When 
the deposit of ice is important enough for the decline of 
frequency to reach and exceed a fixed threshold, the ice 
detector sends a "Ice detected" signal to the icing pro- 
tection system of the aircraft (figure 6). 
[0033] The heating system ensures afterwards the 
de-icing of both sensing element and strut where ice has 
accumulated. Once ice is evacuated, the sensing ele- 
ment oscillation frequency returns to nominal value and 
the de-icing system is switched off. New ice accretion 
detection can thus begin. The "Ice detected" signal is 
maintained until no detection occurs during a predeter- 
mined duration (typically sixty seconds). 

Adaptation to local airflow of sensing element profile 

[0034] It is an objective of the invention to optimize 
the geometry of the sensing element according to the 
location on the aircraft and to icing conditions to be de- 
tected. Thus the measure is realized taking into account 
boundary layer thickness, profile of Liquid Water Con- 
tent (LWC) distribution and spectrum of droplet size 
along the distance to the aircraft skin. 
[0035] As it has already been stated above, the con- 
centration of drops evolves with the distance to the air- 
craft skin according to the size of the drops. Figure 4 
illustrates typical concentration profiles for two given siz- 
es of drops and two flight conditions (Velocity, Temper- 
ature, Altitude,...), at the same location on the aircraft. 
Considering flight condition 1, for a first given size of 
drops (curve 8-j), the concentration is maximal at a dis- 
tance d 1 from the aircraft skin whereas, for a second 
given size of drops (curve 8 2 ), the concentration is max- 
imal at a distance d 2 from the aircraft skin. As shown on 
flight condition 2, distances d 1 and d 2 are modified to 
respectively d^ and d' 2 due to modification of the flow. 
[0036] Conventional ice detectors are classically con- 
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stituted of a cylindrical sensing element with constant 
circular section. Dimensions of said sensing element re- 
sult from a compromise between sensitivity to ice accre- 
tion, value of oscillation frequency, mechanical resist- 
ance, sensitivity to environmental conditions (airflow ve- 5 
locity, aircraft vibrations, particles,...). In consequence, 
due to constant circular cross section spanwise, the 
sensing element length is relatively short (around 
20mm) to preserve a sufficient rigidity. In this configura- 
tion, the measurement point is defined according to the *o 
maximal concentration average distance and said sens- 
ing element is positioned, thanks to strut length, at the 
distance required. The measure is thus adapted for me- 
dium droplet size. 

[0037] The invention proposes to improve ice detec- 
tion in terms of distance range of measurement and 
spectrum of droplet sizes by using a sensing element 
that is characterized by an evolutionary profile. 
[0038] Figures 7a, 7b, 7c, 7d and 7e show views of a 
sensing element with different evolutionary profiles. 
Said sensing element extends on a substantial length, 
generally ranging between 45 to 65 millimeters. 
[0039] Figure 7a shows a sensing element 7a, which 
has a substantially conical shape. Thus, the sensing el- 
ement circular cross section (figure 7a) presents a di- 
ameter that decreases continuously with the increase of 
the distance to the aircraft skin. The base of said sensing 
element 7a has the largest diameter D Max while tip of 
said sensing element 7a has the smallest diameter D mirv 
Diameter D Max is about 10 millimeters while diameter 
D mjn is about 2 millimeters. 

[0040] As stated before, ice accretion on the sensing 
element is, in particular, characterized by collection ef- 
ficiency E and freezing fraction t\. Classically, at fixed 
flight conditions, E parameter is proportional to droplet 
diameter 5 and inversely proportional to sensing ele- 
ment diameter 

D : E = function^ , . 

Consequently, at fixed droplet diameter 6, E parameter 
decreases from tip to base of conical sensing element. 
At a fixed point of sensing element, E parameter in- 
creases with droplet diameter 8. 
[0041] t) parameter is typically proportional to sensing 
element diameter D and inversely proportional to droplet 
diameter 




Thus, at fixed droplet diameter 5, r\ parameter increases 
from tip to base of the conical sensing element. At a fixed 
point of the sensing element, rj parameter decreases 
with droplet diameter 8. 



10 

[0042] Consequently, at fixed flight conditions, value 
of Ext| is conserved along longitudinal axis for a sens- 
ing element with conical shape. Considering conven- 
tional sensing elements, value of Ext] is not conserved 
along longitudinal axis due to constant diameter. This is 
illustrated on figure 8: for the median ratio of the droplet 
diameter 5 over the sensing element diameter D, EXt\ 
value is the same for both sensing elements. Consider- 
ing 8/D ratios inferior to median value, Ext| value of con- 
ventional sensing element decreases whereas E xrj val- 
ue of sensing element of the invention is conserved. The 
same effect is observed for 5/D ratios superior to median 
value. Consequently, accuracy of ice accretion detec- 
tion is conserved whatever the droplet diameter for an 
ice detector of the invention contrary to conventional ice 
detectors. 

[0043] As stated herein, different accumulation zones 
are defined along said sensing element 7a, the transi- 
tion between said accumulation zones being continu- 
ous. On classical installation areas on aircraft, maxi- 
mum concentration of large droplets is met close to air- 
craft skin whereas maximum concentration of small 
droplets is met further from aircraft skin. Thus, large 
droplets tend to accumulate on a portion of said sensing 
element 7a which has a large diameter while small drops 
tend to accumulate on a portion of said sensing element 
7a which has a small diameter. Or, as it has already been 
demonstrated above, Exr| value is maximum at the tip 
of said sensing element considering small droplets and 
Exrj value is maximum at the base of said sensing el- 
ement considering large droplets. Therefore, ice accre- 
tion is optimal along longitudinal axis and thus the meas- 
urement integrates advantageously the whole distribu- 
tion of water droplets present in the airflow. 
[0044] Another advantage of the conical shape is to 
obtain a longer sensing element than conventional 
sensing element (length ratio ranging between 2 to 3) 
while preserving an oscillation frequency above 
20000Hz and the sensitivity to ice accretion. At the same 
time, insensitivity to environmental conditions (such as 
aircraft vibration, sand and airflow velocity) is preserved. 
Consequently, the measurement length can be adapted 
to the whole local icing conditions in terms of droplet 
size and flight conditions. This is illustrated on figure 9a 
and figure 9b for two flight conditions. On said conven- 
tional ice detector, due to the limited measurement 
length, only a fraction of the local maximum of concen- 
tration is recovered by the sensing element if said max- 
imum of concentration is not centered on the sensing 
element. Considering the ice detector of the invention, 
a maximum of local concentration is recovered by the 
sensing element whatever the flight condition. Conse- 
quently, the accuracy of the ice detector of the invention 
is conserved on the flight envelope. 
[0045] Figure 7b presents a sensing element 7b that 
is substantially constituted by different successive co- 
axial cylinders, diameters of said cylinders decreasing 
with the increase of the distance from aircraft skin. Thus, 
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the sensing element circular cross section has a diam- 
eter that decreases discontinuously with the increase of 
the distance from the aircraft skin. The sensing element 
7b represented on figure 7b is made of three cylindrical 
portions. A first cylindrical portion, positioned at the 5 
base of said sensing element 7b, has the largest diam- 
eter A second cylindrical portion prolongs said sens- 
ing element 7b and presents a diameter D 2 smaller than 
D v A third cylindrical portion prolongs said sensing el- 
ement 7b and constitutes said sensing element tip por- 
tion. The diameter of said third cylindrical portion D 3 is 
smaller than D 2 and hence than D v Diameter D., is 
about 10 millimeters while diameter D 2 is about 6 mil- 
limeters and diameter D 3 about 2 millimeters. Said three 
cylindrical portions define three different ice accumula- 
tion zones onto said sensing element 7b. Schematically, 
the first cylindrical portion (diameter D^ is adapted for 
the accumulation of large drops, the second cylindrical 
portion (diameter D 2 <D 1 ) is adapted for the accumula- 
tion of medium sized drops and the third cylindrical por- 
tion (diameter D 3 <D 2 <D 1 ) is adapted for the accumula- 
tion of small drops. As for the conical sensing element 
7a illustrated on figure 7a, said sensing element 7b 
shape allows obtaining a longer sensing element than 
a conventional sensing element. Number of coaxial cyl- 
inders, as presented herein, is non-restrictive and can 
be advantageously adapted as it is exposed hereafter. 
[0046] A particular advantage of said sensing element 
made of coaxial cylinders, is to have a dedicated oscil- 
lation frequency for each cylinder. This allows determin- 
ing the diameter of droplets that strike the sensing ele- 
ment. Indeed, as stated before, Exr\ value of a cylinder 
characterized by its diameter D is maximum for a given 
droplet diameter 5, at fixed flight conditions. Using co- 
axial cylinders with different diameters, it is possible to 
segregate the spectrum droplet diameter 5 in dedicated 
intervals. For example, on sensing element of figure 7b, 
diameter D 1 is dedicated to detect accretion of droplets 
characterized by a diameter comprised in an interval 
centered on diameter 6^ diameter D 2 is dedicated to 
detect accretion of droplets characterized by a diameter 
comprised in an interval centered on diameter 8 2 and 
diameter D 3 is dedicated to detect accretion of droplets 
characterized by a diameter comprised in an interval 
centered on diameter 5 3 . 

[0047] As specified before, number of coaxial cylin- 
ders is non-restrictive and precision of droplet diameter 
is increased by using a more important number of co- 
axial cylinders. The knowledge of the main diameter of 
droplets is a major advantage concerning ice protection 
systems of the aircraft. Indeed, when only small droplets 
are encountered, it is not necessary to switch on the ice 
protection system immediately because of slow or no 
accretion on aircraft parts. Conversely, Super Large 
Droplets need to be detected to provide an efficient de- 
icing of the aircraft part subject to icing. Consequently, 
the ice detector of the invention improves flight safety. 
[0048] Taking into account the installation area and 



flight condition, the proportion of Liquid Water Content 
of each size can be measured with an appropriate treat- 
ment. 

[0049] According to the measuring principles de- 
scribe herein, the cross section of the sensing element 
of the invention is not necessary circular. As it is illus- 
trated on figure 7d and 7e, the cross section of the sens- 
ing element may have also a polygonal or elliptic shape. 
[0050] In a classical assembly type (figure 10a to fig- 
ure 11d), the sensing element with an evolutionary pro- 
file (7a, 7b) is mounted on a strut, which length is adapt- 
ed to boundary layer thickness at the installation point, 
perpendicularly to aircraft skin and flow direction. 
[0051] Figures 12a to 13d illustrate a preferred em- 
bodiment wherein said sensing element is sloped from 
the vertical line relative to the aircraft skin in the direction 
of the airflow to optimize detection of small droplets. In- 
deed, as it has been stated above, said small droplets 
are particularly sensitive to evaporation due to conver- 
sion of kinetic energy to temperature at impact point. 
Due to evolutionary profile and slope of the sensing el- 
ement, a longitudinal velocity component appears and 
allows reducing conversion of kinetic energy into tem- 
perature. As temperature of small droplets is lower, 
evaporation is limited and thus detection is more accu- 
rate. Advantageously, the slope of the sensing element 
allows increasing the accretion area compared to the 
projected surface. Consequently, ice build up is facilitat- 
ed on the sensing element. Said slope is generally in- 
cluded between 5° and 35°. 

[0052] As a conclusion, the ice detectors of the inven- 
tion offer a number of parameters such as strut length, 
sensing element profile, diameter and length, slope an- 
gle which can be advantageously customized to provide 
an accurate detection of ice accretion, taking into ac- 
count aircraft type, installation area and icing conditions 
encountered. 

Increase of local concentration on sensing element by 
adjunction of a deflector on the strut 

[0053] Conventional struts have an airfoil shape, 
which reduces the drag of the ice detector. The face ad- 
jacent to the sensing element is classically perpendicu- 
lar to the strut axis, i.e. parallel to airflow direction. This 
conventional embodiment does not influence the local 
concentration of droplets that strike the sensing ele- 
ment. The invention proposes the implementation of a 
deflector on the strut of the ice detector to increase local 
concentration of droplets that deposit on the sensing el- 
ement, advantageously concerning small droplets. This 
allows improving the collection Efficiency E of the sens- 
ing element that results in a faster detection of ice ac- 
cretion. 

[0054] Said deflector is oriented so that streamlines 
are locally deflected in the direction of the sensing ele- 
ment. Therefore, droplets that should have struck the 
strut on conventional ice detectors are guided towards 
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the sensing element. The efficiency of the deflector de- 
pends on the momentum of supercooled water droplets. 
[0055] Figures 14a and 14b illustrate respectively 
such an integration of a deflector 14a, 14b on a strut 
upon which a sensing element is mounted. The strut has 
a classical airfoil or elliptical shape. Figure 14a repre- 
sents a strut upon which a rounded concave surface de- 
flector 1 4a is set up, the roundness of said deflector 14a 
being steered inward said strut. Figure 14b represents 
a strut upon which a flat surface deflector 14b is set up. 
[0056] Following the type of deflector used on said 
strut, increase of droplet concentration is up to 20% for 
small droplets and 5% for large droplets. Advantageous- 
ly, and particularly concerning small droplets, evapora- 
tion effect is significantly reduced at the impact point of 
the sensing element due to increase of water mass flow. 

Analysis of severity of ice accretion 

[0057] On conventional ice detectors, severity of ice 
accretion is classically given by counting the number of 
successive detection cycles during a predetermined 
time. 

[0058] The speed at which ice accretion occurs is a 
particularly relevant information characterizing the se- 
verity of the icing conditions. As it has already been stat- 
ed above, when ice builds up on the sensing element, 
said sensing element oscillation frequency declines. 
The invention proposes to use the variation of the sens- 
ing element oscillation frequency during a given time to 
indicate the severity of the icing conditions. 
[0059] Figure 15a and 15b represent variations ver- 
sus time of the sensing element oscillation frequency f 
for two water freezing rates and Q 2 , said water freez- 
ing rate Q 2 being more important than said water freez- 
ing rate Considering figure 15b, at to sensing ele- 
ment oscillation frequency is equal to nominal oscillation 
frequency f start . Time t 1 (respectively t 2 ) is the time at 
which oscillation frequency is equal to detection thresh- 
old for condition (respectively Q 2 ). As Q 2 is superior 
to Q lt t 2 is inferior to t 1t due to faster accretion on the 
sensing element. 

[0060] Therefore, by analyzing the variation of the 
sensing element oscillation frequency f during a given 
time, it is possible to obtain the mass of ice that deposits 
by unit of time on said sensing element and consequent- 
ly on the other parts of the aircraft which are exposed to 
the airflow. 

[0061] As it has already been stated before, the water 
freezing rate Q can be evaluated, at the first order, fol- 
lowing the relation: 

Q^xExLWCxV^xS, 

where E is the collection Efficiency of the sensing ele- 
ment; 

r| is the freezing fraction; 
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S is the reference surface (m 2 ); 
LWC is the Liquid Water Content (kg/m 3 ); 
V w is the upstream velocity of airflow (m/s). 
[0062] Oscillation frequency f(t) of the sensing ele- 
5 ment can be expressed as a function of the sensing el- 
ement mass m(t) as follows : 



10 




A is a constant depending on the material and the ge- 
ometry. 

[0063] The derivative versus time t of oscillation fre- 
15 quency f is given by: 

df(t) _ A x dm(t) 

* 2 x m(t) x J^(f) dt 

20 

Mass m(t) of sensing element at time t is : 
m(0=m o +m /ce (0 

25 

m 0 is the mass of sensing element free of ice; 

m jce (t) is the mass of ice accumulated on said sensing 

element ( dm fce (0 - Q), 

[0064] Assuming that mj ce (t) is negligible compared 
30 to m 0 , the derivative of oscillation frequency f is finally 
given by: 

aa= A = xq=-_^xq 

35 dt 2 x m 0 x Jih 0 2 x m 0 

where f 0 is the oscillation frequency of the sensing ele- 
ment free of ice. 

[0065] Figure 15c represents variations of the abso- 
40 lute value of derivative ^ in function of Q: a large deriv- 
ative value indicates a large value of water freezing rate 
Q and consequently a severe icing condition that corre- 
sponds to a quick ice accretion on the aircraft exposed 
parts. 

45 [0066] Thus, the ice detector of the invention provides 
information of severity of icing conditions, obtained from 
analysis of the slope of the curve representing temporal 
variations of said sensing element oscillation frequency, 
to aircraft protection systems for a more efficient pre- 

50 vention of ice accretion. 

[0067] Utilizing the sensing element made of coaxial 
cylinders described herein, the severity of the icing con- 
ditions can be correlated to the droplet size to provide 
an accurate characterization of the icing environment. 

55 

Optimization of de-icing system consumption 

[0068] Classically, once ice accretion has been de- 
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tected by the ice detector, it is necessary to de-ice said 
ice detector before starting a new measurement cycle. 
Due to important thermal inertia of the strut and the 
sensing element, an important electrical power is re- 
quired to de-ice the ice detector in a reduced time. Ac- 
cording to prior art, the operating principle of the de-icing 
device is binary, i.e. power is maintained at a maximum 
value (classically 260W) during the de-icing phase and 
to a minimum value during the remainder of the time 
(<10W). 

[0069] It is another objective of the invention to limit 
the power consumption of the ice detector during said 
de-icing phases by using a double de-icing command. 
After first detection, both strut and sensing element are 
de-iced via electrical heaters. When the oscillation fre- 
quency returns to nominal value, said sensing element 
heater is powered off whereas strut heater remains pow- 
ered on. Consequently, the strut is protected from ice 
accretion (anti-icing mode) while ice accretion on the 
sensing element is detected. Supply to the strut is then 
stopped at the end of the alarm signal. Advantageously, 
the power required to avoid ice accretion is inferior to 
the power needed to remove the ice cap on the strut. 
Therefore, peaks of consumption of an ice detector of 
the invention are inferior to those generated by conven- 
tional ice detectors. Power consumption can be segre- 
gated in three distinct phases as it is illustrated on figure 
1 7): minimum power P min (<1 OW) when no detection oc- 
curs, maximum power P* max (about 200W) during de- 
icing phases of the sensing element and medium power 
P'medium (about 130W) during ice accretion on the sens- 
ing element (after first detection). Advantageously, as 
the strut does not require being de-iced, the interval time 
between two consecutive detection phases of ice accre- 
tion is significantly reduced to a minimum, thus improv- 
ing the accuracy of said ice detector. 
[0070] In a first embodiment, this de-icing and anti- 
icing system is realized by using two independent elec- 
trical circuits (heater with specific power supply), one 
dedicated to the strut and the other one to the sensing 
element, each circuit being supplied by on board elec- 
trical voltage (28Vdcor 115Vac/400Hz). 
[0071] In other embodiments, the invention advanta- 
geously proposes to realize this function by using only 
one electrical circuitry represented by the electrical di- 
agram of figure 16a, figure 16b or figure 16c. 
[0072] Figure 16a represents an electric diagram 
comprising three resistances. Two resistances 
R sensing_eiement and R stnjtv mounted in parallel, are se- 
rially connected with a third resistance R«. tajt2 between 
the potentials V a and V b of the power supply. Resistance 
R sensing_eiement allows de-icing the sensing element 
whereas resistances R strut i and R strut2 allow de-icing 
the strut. A switch I is disposed on the branch of the 
parallel circuitry which comprises said resistance 
^sensing element- As stated above, maximum power con- 
sumption (de-icing of sensing element) is obtained 
when said switch I is closed, medium power consump- 



tion is obtained when said switch I is open and minimum 
power consumption when system is not supplied. 
[0073] Figure 1 6b represents a variant of electrical cir- 
cuitry described herein. A resistance R' s truti ' s mounted 
5 in parallel with two serially connected resistances 
R 'sensing_eiement and R 'stnjt2 between the potentials V' a 
and V' b of the power supply. A switch P is disposed on 
the branch of the parallel circuitry which comprises said 
resistances R, se nsing_element and R 'strut2- When »' is 

10 closed, said ice detector is at the maximum rated power 
and when P is open medium power consumption is ob- 
tained. 

[0074] Figure 1 6c represents another variant of elec- 
trical circuitry described herein. A resistance R" strut 2 is 

15 either serially connected with a resistance 
R "sensing_eiement or serially connected with a resistance 
R "struti between the potentials V" a and V" b of the power 
supply. The serial connection of said resistance R M stru t2 
with either said resistance R" se nsing_eiement or said re- 

20 sistance R" stnJ ti is realized thanks to a switch I". When 
I" is pointed to R" se nsing_eiement. said ice detector is at 
the maximum rated power and when I" is pointed to 
R'struti' medium power consumption is obtained. 
[0075] Considering all the electrical circuits described 

25 herein, a complementary electrical resistance is used in 
the strut to limit power consumption between two de- 
icing phases of the sensing element. 



30 Claims 

1 . An ice detector for detecting ice accretion on a sur- 
face of a structure subject to icing, said ice detector 
comprising a sensing element protruding into the 

35 airflow and supported relatively to a surface of said 
structure by a strut upon which it is mounted, char- 
acterized in that said sensing element has an ev- 
olutionary profile, with a cross-section varying along 
the longitudinal axis of said sensing element, adapt- 

40 ed to enlarge the measurement range of icing con- 
ditions, in particular in terms of droplet size spec- 
trum and measurement length. 

2. The ice detector of claim 1 further characterized in 
45 that said sensing element has a circular or elliptic 

cross-section. 

3. The ice detector of claim 1 further characterized in 
that said sensing element has a polygonal cross- 

50 section. 

4. The ice detector of claim 2 or 3 further character- 
ized in that the characteristic dimension of the 
sensing element cross-section decreases continu- 

55 ously as the distance from said structure subject to 
icing increases. 

5. The ice detector of claims 2, 3 or 4 further charac- 
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terized in that said sensing element has a substan- 
tially conical shape. 

6. The ice detector of claim 2 or 3 further character- 
ized in that the characteristic dimension of the 
sensing element cross-section decreases discon- 
tinuous^ as the distance from said structure subject 
to icing increases. 

7. The ice detector of claim 2, 3 or 6 further charac- 
terized in that said sensing element is constituted 
by successive coaxial cylinders adapted to identify 
the icing conditions encountered, particularly in 
terms of droplet size and concentration. 

8. The ice detector of any of the preceding claims fur- 
ther characterized in that said sensing element is 
sloped, in the direction of the airflow, from the or- 
thogonal axis of the surface upon which said ice de- 
tector is mounted. 

9. An ice detector for detecting ice accretion on a sur- 
face of a structure subject to icing, said ice detector 
comprising a sensing element protruding into the 
airflow and supported relatively to a surface of said 
structure by a strut upon which it is mounted, char- 
acterized in that said strut comprises a deflector 
installed in front of said sensing element and adapt- 
ed to increase the quantity of water droplets that ac- 
cretes on said sensing element by locally deflecting 
the streamlines towards this one. 

10. The ice detector of claim 9, further characterized 
in that said deflector is a flat surface on the strut 
sloped from airflow direction toward said sensing el- 
ement. 

11. The ice detector of claim 9, further characterized 
in that said deflector is a rounded concave surface 
on the strut sloped from airflow direction toward said 
sensing element. 

12. An ice detector for detecting ice accretion on a sur- 
face of a structure subject to icing, said ice detector 
comprising a sensing element protruding into the 
airflow and supported relatively to a surface of said 
structure by a strut upon which it is mounted, char- 
acterized in that said ice detector provides a signal 
indicating the severity of the icing conditions deter- 
mined by the speed at which ice accretes on said 
sensing element trough the analysis of the slope of 
the curve representing the decline of the sensing 
element oscillation frequency over time. 

13. An ice detector for detecting ice accretion on a sur- 
face of a structure subject to icing and providing an 
alarm signal when a substantial ice accretion is de- 
tected, said ice detector comprising a sensing ele- 



ment protruding into the airflow and supported rel- 
atively to a surface of said structure by a strut upon 
which it is mounted, said sensing element and said 
strut being de-iced after the detection of a substan- 
5 tial ice accretion, characterized in that the de-icing 
of said sensing element is maintained until said 
sensing element is free of ice whereas the de-icing 
of said strut is maintained during the whole duration 
of said alarm signal. 

10 

14. The ice detector of claim 13 further characterized 
in that a first power supply is dedicated specifically 
to the de-icing of said strut and a second power sup- 
ply is dedicated specifically to the de-icing of said 

15 sensing element. 

15. The ice detector of claim 13 further characterized 
in that a power supply is dedicated to the de-icing 
of both said strut and sensing element, a switch al- 

20 lowing heating of either both said strut and sensing 
element or only said strut. 
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1. Claims: 1-8 

An ice detector comprising a sensing element having a 
profile particularly adapted to an enlarged measurement 
range of the spectral distribution of the idng conditions. 



2. Claims: 9-11 

An ice detector comprising a sensing element and a deflector 
to increase the local concentration of the droplets and 
thereby the collection efficiency of the sensing element. 



3. Claim : 12 

An ice detector comprising a system for Indicating the 
severity of the icing conditions through the analysis of the 
oscillation frequency curve experienced by the sensing 
element. 



4. Claims: 13-15 

An 1ce detector comprising a system with reduced power 
consumption for de-icing the sensing element and the strut 
on which the sensing element is mounted. 
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